Aims-To investigate the dynamics between plasma and dialysate glucose during hypoglycaemia in children. Study design-Six children in prepuberty or early puberty were investigated by multiple blood sampling and microdialysis of subcutaneous adipose tissue during a standard arginine-insulin tolerance test. Glucose and glycerol, as an index of lipolysis, were measured in samples from both compartments. Plasma concentrations of insulin and the main counterregulatory hormones were also measured. Results-Plasma and dialysate glucose concentrations were very similar at baseline and increased in concert after infusion of arginine, probably in response to glucagon release. After insulin injection, glucose in both plasma and dialysate fell in parallel. The subsequent hypoglycaemic stress response induced a rapid rebound in the plasma concentration with a mean (SD) delay in the dialysate of 16 (3) minutes. Plasma glycerol was approximately fivefold lower than in the dialysate and did not fluctuate significantly. Dialysate glycerol decreased with arginine infusion and reached a nadir immediately following insulin administration. Subsequently, the antilipolytic eVect of insulin was overcome by the hypoglycaemic stress response, and lipolysis prevailed in spite of hyperinsulinaemia. Conclusion-After rapidly induced hypoglycaemia, rebound of interstitial glucose concentrations is significantly delayed compared with plasma concentrations, and the antilipolytic eVect of hyperinsulinaemia is opposed possibly by the hypoglycaemic stress response. (Arch Dis Child 1999;80:42-45) 
Microdialysis of subcutaneous adipose tissue allows measurement of glucose and lipolysis products and is therefore of potential interest for monitoring patients with brittle glucose homeostasis. 1 Reliable blood glucose determinations may be diYcult to obtain from children and neonates in the lower glucose range, 2 and blood concentrations of the lipolysis products-that is, glycerol and free fatty acids, during hypoglycaemia are insensitive indicators of lipolysis. Within the normal range of blood glucose concentrations, glucose in the interstitial fluid space of abdominal subcutaneous tissue is almost identical to the blood concentrations. [3] [4] [5] However, we are unaware of any data regarding gradients between plasma and the interstitium glucose in hypoglycaemic children.
Insulin has potent antilipolytic eVects in both children and adults, 6 and the absence of lipolysis products and ketone bodies during episodes of spontaneous hypoglycaemia indicates a hyperinsulinaemic pathogenesis. 7 Catecholamines are the only hormones with acute and pronounced lipolytic eVects after the neonatal period. 8 When adipocytes are incubated in vitro with insulin and isoprenaline (a adrenergic receptor agonist), insulin drastically reduces the sensitivity for isoprenaline without aVecting the maximal lipolytic response. 9 Recently, this mechanism has been confirmed in vivo in adults, 10 based on the finding that microdialysis measurements of glycerol reflect changes in lipolysis induced by catecholamines and insulin. 11 We investigated the hypoglycaemic stress response induced by an arginine-insulin tolerance test (AITT) in children. We aimed to analyse the dynamics between plasma and adipose tissue dialysate glucose concentrations during hypoglycaemia, and the eVect of hyperinsulinaemia and counterregulatory hormones on lipolysis in subcutaneous adipose tissue. 
Methods
The study was approved by the ethics committee of the Karolinska Institute, and informed consent was obtained from the guardians and participants.
Six children with short stature in prepuberty or early puberty were included in the study (table 1). The mean (SD) age was 12.3 (1.2) years and all were below −3 SD regarding height for age or had a growth velocity below −2 SD. The children were admitted to the hospital one day before the study.
A microdialysis probe was inserted in the abdominal subcutaneous adipose tissue ( fig  1B) . Two venous cannulas were placed in the forearms: one for infusion of arginine and insulin, and one for blood sampling. The AITT followed the standard procedure used to study growth hormone (GH) secretion and hypoglycaemic stress response. 12 After an overnight fast, an intravenous arginine infusion (0.5 mg/ kg body weight over 30 minutes) was given at 08:30 and insulin (0.10 U/kg) was given one hour later as an intravenous bolus injection.
The microdialysis device (CMA Microdialysis, Solna, Sweden) has a double lumen plastic cannula equipped with a tubular semipermeable membrane.
1 Sterile Ringer's solution is continuously pumped through the dialysis tube, where diVusion of molecules along the concentration gradient takes place ( fig 1A) . The length of the dialysis membrane is 30 mm and the flow rate is 0.5 µl/min. We have previously found close to 100% recovery of glucose in children using these conditions. 4 5 Microdialysis samples were collected every 15 minutes starting at 0 minutes. All calculations and figures were corrected for a lag phase of 10 minutes between the microdialysis probe and the collecting test tube. Thus, the first microdialysis sample was collected at 0 minutes and plotted at −10 minutes, and the subsequent sample was collected at 15 minutes and plotted at 5 minutes.
ANALYSES OF HORMONES AND METABOLITES
Blood samples for determination of plasma concentrations of insulin and the counterregulatory hormones glucagon, cortisol, noradrenaline, and GH were drawn at the time points indicated in table 2. Samples for determination of plasma glucose and glycerol were drawn every 15 minutes. GH concentrations were measured by a fluoroimmunometric assay using two monoclonal antibodies. 13 The concentrations of glucagon, cortisol, and insulin were determined by standard radioimmunoassays. 14 15 Catecholamines were assayed by high performance liquid chromatography. 16 Plasma and dialysate glucose concentrations were determined by a glucose-oxidase method, 17 and glycerol concentrations with a glycerol-oxidase method. 18 To study the temporal relations between changes in plasma and microdialysate glucose concentrations, the intervals between insulin injection and the fall or rise in glucose concentrations were analysed as indicated in fig 2. STATISTICS Data are presented as mean (SD). After checking for major deviation from normality, the Student's paired t test was used to compare microdialysate and plasma concentrations, and ANOVA was used to assess variations over time in glucose and glycerol concentrations. Participant C was treated with moderate doses (400-800 µg qid) of budesonide and terbutaline inhalations as required. Arginine was infused continuously between 0 and 30 minutes, insulin was given as an intravenous bolus injection at 60 minutes. Data are mean (SD). Table 2 shows the endocrine profiles during the AITT. Two of the six participants were partly GH deficient as defined by peak stimulated plasma GH concentrations < 10 mg/l. Apart from the diminished GH response, there was no diVerence between the GH deficient and the other children during the AITT. Before arginine infusion, the mean plasma and dialysate glucose concentrations were very similar (fig 3) . In response to arginine infusion, there was a transient increase in plasma glucose (p < 0.05) corresponding to a rapid glucagon release. The increase in dialysate glucose concentration was not significantly delayed. After the intravenous insulin bolus injection, glucose fell rapidly concomitantly in both compartments. The plasma and dialysate glucose concentrations were very similar, and no delay was observed (fig 3, table 3 ). Subsequently, plasma glucose concentrations increased rapidly in response to the hypoglycaemic stress. However, the rise in the mean (SD) dialysate glucose was delayed 16 (3) minutes (p < 0.01) (table 3). During the remaining time course, the glucose concentrations in the dialysate were significantly lower than in plasma (p < 0.01).
Figure 2 Calculation of the temporal relation between plasma and microdialysate glucose after insulin injection. The time intervals between insulin injection and a 50% decrease in glucose(T1) and between insulin injection and

Results
To monitor ongoing lipolysis, glycerol was measured in plasma and dialysate. In plasma, the glycerol concentration was several-fold lower than in dialysate and did not fluctuate significantly during the test (fig 4) . In contrast, glycerol concentrations in the dialysate fell rapidly after arginine infusion reflecting inhibition of lipolysis by insulin. Although the subsequent insulin injection further inhibited lipolysis, the dialysate glycerol concentration climbed to the basal concentration 30 minutes after insulin injection (p < 0.01).
Discussion
Six children were subjected to a rapidly induced hyperinsulinaemic hypoglycaemic episode during an AITT. The hypoglycaemia was most pronounced approximately 30 minutes after insulin injection in both plasma and a microdialysate of subcutaneous adipose tissue, but the ensuing rise in dialysate glucose concentration was delayed compared with plasma. Dialysate glycerol concentrations, reflecting ongoing lipolysis, also reached a nadir following insulin administration, but the antilipolytic eVect of insulin was subsequently overcome by the counteracting regulatory hormones.
We cannot estimate the time required for the dialysate glucose concentration to reach the plasma concentration, as the monitoring ended two hours after insulin injection. However, the discrepancy between plasma and dialysate glucose indicates that the adipose tissue glucose concentration does not passively mirror plasma glucose fluctuations-a fact that is important to keep in mind when the microdialysis technique is used to monitor patients at risk for hypoglycaemia. Accordingly, tissue glucopenia may be present even at normal plasma glucose concentrations. Microdialysis does oVer an advantage over blood sampling as glucose can be measured continuously for hours or days without blood sampling and consumption. The technique has been used successfully to monitor glucose in neonates with hypoglycaemia 4 and diabetic patients, 19 20 as well as in neonates 5 and adults 21 undergoing surgery. Recently, onsite measurement of glucose by microdialysis for clinical practice became possible in our department. As there is a risk of lower dialysate than blood glucose concentrations, we routinely run a blood glucose determination after determining a low dialysate concentration. The mean interval between the insulin injection and the time points at which the glucose concentration reached a concentration halfway between that at the start of the AITT and the nadir-that is, initially fallen and subsequently risen, was calculated from the individual graphs, T1 and T2, respectively (fig 2) . Data are mean (SD) except for the mean diVerence (SE). 
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The mechanism for the delay in the dialysate is not known. The recovery of substances from the extracellular fluid depends on the microdialysis device-that is, the length of the dialysis membrane and the flow rate of the perfusion solution, as well as the microcirculation. 1 A reduced microcirculation may result in decreased interstitial glucose and increased glycerol concentrations. As local blood flow was not measured in the present study, the potential influence of this factor cannot adequately be evaluated. However, previous data demonstrate that adipose tissue blood flow increases transiently in response to hypoglycaemia. 10 Thus, the diVerences in the concentrations of glucose and glycerol between plasma and dialysate can probably not be attributed to altered blood flow. Another possible mechanism is an increased endothelial barrier for glucose during hypoglycaemia as described for insulin. 22 23 Alternatively, hyperinsulinaemia itself may cause diVerences between dialysate and plasma concentrations. Insulin increases glucose uptake, 24 whereas glucagon has no local eVects in adipose tissue. 25 In response to increasing insulin concentration, an augmented uptake of glucose may explain the lack of delay in the dialysate during the first half of the test. A delay should otherwise have been expected for the diVusion of glucose from the blood stream. On the other hand, a persistent peripheral glucose uptake induced by insulin, in combination with a slow diVusion of glucose from the blood stream to the interstitial water space, may delay normalisation of the interstitial glucose concentrations.
Interstitial glycerol concentrations decreased profoundly during arginine infusion, probably because of the release of insulin. Despite the further rise in plasma insulin after insulin administration, dialysate glycerol concentration increased. Therefore, it is likely that the catecholamine surge induced by hypoglycaemia counteracted the antilipolytic eVect of insulin, confirming previous in vitro 9 and in vivo data. 10 As hyperinsulinaemia failed to inhibit lipolysis during hypoglycaemia, the absence of ketone bodies and lipolytic products is not a prerequisite for the diagnosis of insulin induced hypoglycaemia, which has been suggested previously. 7 26 27 The situation may be diVerent in early infancy, as during this time the lipolytic eVect of catecholamines is weak, secondary to enhanced 2 adrenoceptor activity. 8 28-30 We thank CMA Microdialysis for assistance with figures of the microdialysis device. The study was supported by grants from the Swedish Medical Research Council (9941 and 11332), Karolinska Institute, Pharmacia Upjohn, the Swedish Diabetes Foundation, the Wera Ekström Foundation, the Samariten Foundation, and the Sven Jerring Foundation.
